Exogenous nutrients do not diffuse throughout the body like a drop of dye in a beaker
following decades the refinement of radioisotopes for nuclear weapons use made radioisotopes, particularly tritium ( 3 H) and carbon-14 (table 1) , increasingly available as labels for metabolic tracers (Patterson and Veillon 2001) . The dominance of radioisotopes in metabolic and nutrition research continued through the 1970s, when stable isotopes began to supplant their use (Young and Ajami 1999) . This shift was primarily driven by changing public awareness about the safety of radioisotopes, technological advances in mass spectrometry, and reduced costs of labeled tracers (Young and Ajami 1999) ; however, several other advantages of stable isotopes over radioisotopes are often cited: (a) Stable isotopes pose no significant health risks at tracer concentrations, (b) stable isotopes do not degrade over time and thus permit longterm experiments, (c) stable isotope tracers and tissue samples can be stored for extended periods, (d) several different stable isotope nuclides can be administered simultaneously, (e) stable isotope studies do not require approval by the Atomic Energy Commission, and (f) there are no special requirements for disposing of stable isotope waste.
By the start of the 21st century, more than 6000 stable-isotope-labeled molecules and compounds were commercially available (Bodamer and Halliday 2001) ; this number continues to grow. I therefore emphasize examples where stable isotope tracers, particularly carbon-13 ( 13 C), are employed.
Carbon is a particularly useful tracer for examining questions about nutrient use for several reasons. First, by A nimals are heterotrophs and thus fuel their metabolic demands by breaking down the carbohydrates, lipids, and proteins they ingest. When assimilated into the body, the carbon (C) atoms contained within these macromolecules undergo one of the following general fates: (a) They can be oxidized to meet an animal's immediate energy requirements (figure 1), (b) they can be stored and subsequently mobilized when the animal becomes postabsorptive, or (c) they can be irreversibly allocated to structural functions as conspicuous as fur and feathers or as inconspicuous as oily secretions and sloughed skin cells. The physiological decisions that determine the oxidative and nonoxidative fates of ingested materials are shaped over evolutionary time by a species' life history (Dunham et al. 1989 ), but are also influenced proximally by an individual's physiological and nutritional status (McCue et al. 2011) .
Nutrient use and allocation is the most important yet least understood aspect of life-history strategies (Boggs 1992) . To address this deficit, this article describes how purified isotope tracers can be used to explore questions about how animals expend the nutrients they ingest and how studies employing purified stable isotope tracers have contributed to our understanding of animals' life histories. I outline a general mass-balance approach that can be used to study nutrient oxidation and tracer allocation through tissue space and time, particularly during non-steady-state conditions such as feeding, fasting, and reproduction.
Stable isotope tracers
Deuterium ( 2 H) was the first isotope used as a metabolic tracer in the 1930s (Schoenheimer et al. 1935) . Over the definition, carbon atoms are found in all organic molecules. Second, nearly half of an animal's dry mass consists of carbon atoms. Third, unlike most hydrogen and oxygen atoms, carbon atoms are not freely exchangeable with aqueous surroundings. Finally, carbon bonds contain almost all of the potential cellular energy. The use of 13 C tracers has been critical for mapping metabolic networks in cell cultures raised in defined media under steady-state conditions (Tang et al. 2009 ); fortunately, they can also be used to explore metabolic networks in animals, which rarely, if ever, are in a physiological steady state.
Measuring stable isotopes. The amount of 13 C in solid, liquid, and gaseous samples can be quantified using various mass spectrometric approaches (see reviews in Turnlund 1989 , Bier 1997 , Rennie 1999 , Young and Ajami 1999 . Gas chromatography-isotope ratio mass spectrometry (GC-IRMS) is one of the most popular approaches, and individual samples can be analyzed for $5 to $10 each by numerous academic and commercial facilities. (An up-to-date list of these can be found at www.eeb.cornell. edu/isogeochem/Stable_Isotope_Labs.htm.) GC-IRMS can distinguish among isotopologues-molecules that differ in the number of isotopic substitutions-by focusing ionized particles into a beam that passes through a strong magnetic field, which causes their flight trajectory to bend (figure 2). The flight paths of isotopologues with lower molecular masses are bent to a greater degree. The abundances of different isotopologues are then measured by ion detectors.
When levels of heavy stable isotopes in a sample are close to natural abundance (table 1), the Craig equation can be used to compare the ratios of heavy to light nuclides with those found in an international standard (Craig 1957) . These calculated values are typically reported in units of parts per thousand-pronounced "per mil." However, in studies where artificially enriched, purified tracers are used, it is more appropriate to describe isotopic enrichment in terms of the proportion of atoms of the heavy isotope to the total atoms of the same element (Slater et al. 2001) .
Following the fates of dietary nutrients
All animals have continuous-albeit not necessarily constant-demands for cellular energy, but most animals 
Articles
do not continuously ingest food. Because most animals eat at discrete intervals, they continually experience non-steadystate conditions in which nutrients ebb and flow through their bodies (McCue 2010) . The intricacies of such nonsteady-state conditions are compounded by environmental factors, such as quantitative or qualitative changes in food availability, and endogenous factors, such as quantitative or qualitative changes in nutrient demands. To understand how animals allocate and use the nutrients they ingest, it is useful to consider all of the possible sinks for mass and energy (figure 3).
Obtaining and processing dietary nutrients is inherently inefficient, and there are losses of energy at virtually every step. The energetic costs of digestion, absorption, and postabsorptive nutrient modification (bioconversion) are cumulatively referred to as specific dynamic action, and can be thought of as something of a "tax" on feeding (McCue 2006) . The remaining assimilated mass and energy can be used in a more discretionary manner, but they are ultimately partitioned among competing demands, including thermoregulation, activity, growth, storage, and reproduction. An understanding of how these nutrients are allocated among tissues or oxidized to meet energy demands is central to comprehending the life history of an animal; this knowledge can be achieved by examining the flux of materials entering and leaving the body using a mass-balance approach.
Requirements for mass-balance studies. Studies exploring how dietary nutrients are allocated and used in the body typically involve feeding a bolus of metabolic tracer in conjunction with a meal (Jones et al. 1985 , Papamandjaris et al. 2000 , McCloy et al. 2004 , Uranga et al. 2005 , Braden 2009 ). This approach differs from constant-infusion techniques in that it more realistically reflects the periodicity of nutrient exchange. These tracers mix with existing heavy stable nuclides of carbon, hydrogen, nitrogen, oxygen, phosphorous, and sulfur, which are found at low but measureable concentrations in all animal tissues (table 1) . Therefore, the appropriate dose of an isotopic tracer should be sufficient to raise the enrichment of the heavy nuclide to levels that are significantly higher than these background values (Patterson and Veillon 2001) . Because of the comparatively high background levels in the body, experiments using stable isotopes require more tracer units than those that use radioisotopes.
Animals are discrete units, making it possible to measure the material that enters and leaves them. To develop an accurate mass-balance model of 13 C in the body, several pieces of information are needed, including (a) the numbers of 12 C and 13 C atoms in the animal before tracer administration; (b) the number of C atoms in body tissues (e.g., hair, claws, feathers, and some components of skin and scales) that cannot be exchanged with the tracer molecule, at least within a given measurement period; (c) the fraction of tracer that remains unassimilated; and (d) the fraction of tracer that has been oxidized at a particular time point following administration (figure 4).
When the gains and losses of 13 C are considered in the context of the exchangeable carbon pool, one can calculate the isotopic enrichment in the whole body at any point in time. Unfortunately, this calculation provides no information about patterns of nutrient allocation among different organs and tissues; therefore, sampling of isotopic enrichment in different tissue compartments is critical to identify 
and characterize the potential oxidative and nonoxidative fates of ingested tracers. As discussed below, this calculation can serve as a useful null model with which to test predictions about preferential allocation of a tracer to specific tissues.
Structural integration of tracers. In nutritional studies, isotopically labeled tracer molecules are typically dosed in their monomeric forms (e.g., purified amino acids, fatty acids, or monosaccharides), and not biochemically integrated into larger macromolecules (e.g., proteins, triacylglycerols, or starches) as they often appear in the diet. This practice is simply an artifact of the ways that enriched micromolecules are synthesized and purified. In recent years, researchers have begun questioning the degree to which biochemical integration into macromolecules may influence the ultimate metabolic fates of such tracers. One study in rats found that leucine tracers that were integrated into proteins were more likely to be used in protein synthesis than purified leucine tracers that were administered in crystalline form (Daenzer et al. 2001) , although no such differences were reported between crystalline and proteinbound lysine. A study in humans found that purified leucine tracers were more likely to be oxidized immediately than tracers integrated into a protein (Metges et al. 2000) . Another study in humans, comparing rates of oxidation of glucose and glucose polymer, found no significant differences (Massicotte et al. 1989) . Whether these minor differences can be considered negligible depends on the nature of the study. The degree to which isotope tracers are biochemically integrated into the diet could affect the rates at which the tracer is digested and later assimilated, thereby influencing the timing of tracer appearance in different tissues. However, given that nutrient allocation through tissue space is also integrated over time, these two factors may be invariably confounded. Additional studies comparing oxidative and nonoxidative fates of integrated tracers with purified tracers will be useful in determining the degree to which dietary integration of different tracer molecules influences temporal or spatial patterns of tracer allocation, and whether the differences, if any, are biologically significant.
A few studies describe techniques to integrate isotopically labeled leucine into egg proteins (Geboes et al. 2004) or to purify algal proteins that are uniformly labeled in 13 C (Berthold et al. 1991) . Unfortunately, these approaches have low yields or are prohibitively expensive, respectively. In general, methods to efficiently integrate purified, nonessential, 13 C-labeled metabolic tracers into dietary macromolecules (e.g., lipids, proteins, and starches) remain scant. 
To respond to this need I am presently integrating purified, 13 C-labeled essential nutrients into vertebrate tissues that may be used as macromolecular tracers for other animals higher up the food chain. This is an area of research that warrants further attention, particularly by metabolic engineers.
Comparing the fates of molecules of the same class. Animal diets are often described by their protein, lipid, and carbohydrate content. Nevertheless, it is important to note that the monomers of proteins, lipids, and carbohydrates are neither energetically nor nutritionally equivalent, and that tracer molecules belonging to the same class may be allocated and used differently in the body. For example, the length of fatty acid chains was shown to influence the oxidative fates of fatty acids in humans (Papamandjaris et al. 2000) . Studies comparing the oxidative fates of different fatty acids in humans (Jones et al. 1985) and house sparrows (McCue et al. 2010a) found that rates of oxidation were dependent on the number of carbon-carbon double bonds, and a study of nonoxidative fates of fatty acids in humans found that fatty acids were allocated into different compartments on the basis of their number of carbon-carbon double bonds (McCloy et al. 2004 ). The structural variety of fatty acids, and in turn their parent lipids, combined with the various structural modifications these molecules undergo (chain elongation or reduction, saturation or unsaturation, etc.), make decoding the structure-function relationships of fatty acids particularly challenging.
Some studies of exercising humans who have ingested labeled carbohydrates report that glucose is oxidized more rapidly than fructose (Massicotte et al. 1986 , Adopo et al. 1994 ; however, other studies of exercising humans (Burelle et al. 2006 ) and studies of resting house sparrows (McCue et al. 2010a) failed to find such differences. Researchers have shown that 13 C-labeled galactose is oxidized less extensively than glucose or fructose, presumably because it is preferentially incorporated into liver glycogen (Burelle et al. 2006) . Although this possibility was not examined directly by Burelle and colleagues (2006) , the modeling approaches described below could be used to test this quantitatively. In the next section I discuss the methods by which rates of tracer oxidation can be quantified.
Oxidative tracer disposal and breath testing Although most materials that animals ingest ultimately will be oxidized (figure 1), the different classes of metabolic fuels are not necessarily oxidized at the same time. When nutrients are oxidized is determined by their abundance in the diet, the animal's nutritional reserves and requirements, and its life-history strategies. To calculate the rate at which an animal oxidizes a given 13 C-labeled substrate, it is necessary to consider several measurements, including (a) the concentration of carbon-13 dioxide ( 13 CO 2 ) in exhaled breath, (b) the rate at which the animal produces carbon dioxide (CO 2 ), (c) the net amount of CO 2 produced during oxidation of each tracer molecule, and (d) the amount of 13 CO 2 that is equilibrated into the circulating bicarbonate pool or incorporated as acetate in the citric acid cycle. Collectively, this technique is called breath testing.
The instantaneous rates of tracer oxidation will vary over time and therefore need to be measured continually to accurately determine cumulative tracer oxidation over extended periods. Accurate measurements of tracer allocation also depend on accurate measurements of rates of CO 2 production. Significant fluctuations in the rate of CO 2 production are well documented among human and nonhuman animals during feeding (McCue 2006) and fasting (McCue 2010) . In such non-steady-state situations, the rates of CO 2 production should never be assumed constant, especially when monitoring tracer oxidation over extended periods. Measurements of whole-animal CO 2 production are often made by organismal physiologists studying bioenergetics but are rarely made by mass spectroscopists, thus underscoring the interdisciplinary nature of this approach.
Unlike rates of CO 2 production, measurements of 13 CO 2 cannot usually be performed in real time (but see Butz et al. 2009 ). It is therefore necessary to take subsamples of exhaled breath at discrete, sufficiently spaced time intervals to detect biologically significant changes in tracer oxidation (figure 5). If the goal of a study is to track the immediate use of an ingested nutrient, sampling intervals could range from every 5 to 10 minutes over a few hours for small animals ingesting sugar solutions (Voigt et al. 2008 , Welch et al. 2008 to hourly sampling over two days for humans ingesting lipid tracers (Jones et al. 1985 , McCloy et al. 2004 , Uranga et al. 2005 ). Because it is often unclear at the beginning of an experiment which sampling time points will yield the most valuable information, I suggest that sampling intervals be as short as possible; the decision to analyze specific gas samples can be made later. It is noteworthy that highly enriched 13 CO 2 samples (approximately 2000 per mil, or 3.2 atom percent) can be stored in glass vials at room temperature for at least two months with negligible effects.
Studying nutrition in fasting and starving animals. Most nutritional studies document oxidative and nonoxidative tracer use in postprandial animals, but few have examined how tracers are utilized by fasting animals (Hatch et al. 2002, McCue and Pollock 2008) . Fasting animals are thought to undergo three sequential phases that correspond with the metabolic fuel that is predominantly catabolized to meet energy requirements. Typically, circulating glucose and glycogen stores provide energy during phase I. Phase II is fueled by oxidation of stored lipids. Phase III is supported by catabolism of proteins. Several proxies, including changes in respiratory exchange ratio, blood metabolites, and body mass, have been used to characterize the time points at which animals switch from one fuel to another; however, these are Articles all correlational approaches (McCue 2010). Moreover, such approaches are unsuited to investigations of situations when the change from one fuel to another is gradual. The oxidation of isotopically labeled metabolic tracers provides a useful tool to directly study these sequential changes in substrate use.
If nourished animals are given doses of 13 C-labeled glucose, fatty acids, or essential amino acids, and then are fasted, all of these nutrients will be oxidized to some degree during the postprandial state as a result of increased local availability; however, as fasting progresses each nutrient should demonstrate its own characteristic pattern of oxidation (figure 5). For example, since ingested monosaccharides are chiefly stored as glycogen and converted to fatty acids, I would expect to see 13 CO 2 peak in phases I and II of fasting in animals previously fed 13 C-labeled fatty acids. Fatty acids cannot be converted into glucose or proteins, and I would expect the 13 CO 2 to peak in animals previously enriched with 13 C-labeled fatty acids during phase II only. Essential amino acids are not readily converted into carbohydrates or fatty acids, and I would therefore expect animals previously fed with labeled essential amino acids to oxidize them until phase III of fasting. Breath testing could be useful for characterizing the nutritional status of wild or captive animals. Current breath testing experiments on fasted birds are revealing a tight correlation between the timing of tracer oxidation and fasting phase (Anton Khalilieh, Department of Ecology, Blaustein Institutes for Desert Research, Ben-Gurion University, Israel, 12 October 2010, personal communication).
Determining dietary amino acid requirements. Growing animals have high protein requirements, but body proteins in nongrowing animals must also be continually replaced. Of the 20 common amino acids that compose proteins, approximately half are considered essential for vertebrates; that is, they cannot be synthesized at all or at rates sufficient to meet the requirements for protein synthesis and turnover. Because animals do not have specialized tissues to store excess amino acids for extended periods, essential amino acids must be continually supplied in the diet to permit adequate levels of protein synthesis. Determinations of essential amino acid requirements have traditionally relied on long-term studies of growth or correlational measurements of nitrogen metabolites in blood; however, these approaches tend to underestimate requirements (Zello et al. 1995) .
Isotopically labeled amino acids provide a fast, accurate method to identify dietary requirements for essential amino acids (Zello et al. 1995) , and over recent years they have been used in multiple species. This can be done by feeding an animal a diet consisting of an excess of all but one amino acid-the limiting amino acid (figure 6). As the dietary intake of the limiting amino acid increases, it permits the amount of protein synthesis to increase until the dietary requirement is achieved. This threshold Articles is best identified by monitoring the greater 13 CO 2 release from the oxidation of the 13 C-labeled limiting amino acid, although it can also be identified from a decrease in oxidation of a 13 C-labeled nonessential amino acid (figure 6). As the intake rate of the previously limiting amino acid grows, the rate of protein synthesis remains constant because a different amino acid becomes limiting or protein synthesis requirements are met. This approach appears well suited for engineering diets for agriculturally and aquaculturally important species, particularly those that can consume pelleted diets.
Measuring energy expenditure: The bicarbonate method. The oxidation of organic molecules generates CO 2 as a byproduct (figure 1). Most 13 CO 2 produced when tracers are oxidized is lost in the breath, but some of this product equilibrates into circulating bicarbonate pools or is incorporated into intermediates in the citric acid cycle (e.g., acetate), retarding its loss in the breath. Breath testing studies over short periods typically assume 14% to 21% of the tracer is lost to these pools. The relative effects that 13 C tracer losses into bicarbonate and acetate pools have on models of tracer oxidation have been debated in literature (van Hall 1999 , Trimmer et al. 2001 ); however, this issue becomes negligible for mass-balance studies and studies of the long-term fates of tracers (Sidossis et al. 1995 , Burelle et al. 2006 .
The fact that circulating bicarbonate losses quickly respond to the rate at which CO 2 is produced has enabled researchers to use 13 C-labeled bicarbonate as a proxy for metabolic rate. Experiments in which a bolus of bicarbonate is administered intravenously or intraperitoneally offer researchers a new tool to estimate the metabolic costs of specific activities (e.g., short flights in birds and bats or maximal sprinting in running species), which are difficult to ascertain using conventional metabolic measurements (Hambly et al. 2007 , Voigt et al. 2010 ). In part because of the number of assumptions involved, the bicarbonate method has not become a mainstream tool in bioenergetics. However, future validation studies should help researchers refine this method so that it may be more widely adopted.
Quantifying oxidation by the digestive organs. The comparatively large peak in tracer oxidation immediately following oral dosing is thought to be a result of tracer oxidation by digestive organs and tissues. The extent of tracer oxidation by splanchnic tissues can be estimated by comparing the oxidative fates of labeled molecules given orally with those injected intravenously during digestion (figure 7) or by measuring the arteriovenous differences in tracer concentration across the liver and gut during fasting (Yu et al. 1990 ). Studies of splanchnic oxidation can provide only estimates of the oxidative contribution of splanchnic tissues because even intravenously dosed tracers eventually come into contact with these organs through circulation. Nevertheless, studies of postprandial humans, dogs, and piglets estimate that approximately one-third of orally administered essential amino acids are oxidized by splanchnic tissues (Stoll et al. 1998 , Crenn et al. 2000 . Splanchnic oxidation accounts for more than 50% of glucose tracer oxidation in mice (Ishihara et al. 2002) . Although there is undoubtedly a correlation between elevated metabolic rates during digestion and immediate oxidation of exogenous nutrients, no studies have yet used purified metabolic tracers to investigate this relationship. This methodological approach promises to help researchers partition the bioenergetic costs underlying specific dynamic action that have been debated for over a century (McCue 2006) .
Nonoxidative disposal of nutrient tracers: Growth, storage, and reproduction The 13 C atoms that are not oxidized or otherwise lost in fecal and urinary pools therefore must appear in the body tissues. In order to identify and characterize patterns in nutrient allocation, one must consider the body as different compartments. The simplest scheme is dichotomous and divides the exchangeable body carbon pool into two compartments on the basis of either anatomical divisions or major classes of macromolecules.
An anatomically based dichotomous scheme might divide the body into blood and nonblood compartments. This approach is widely used in studies where tracers are constantly infused until the blood maintains a constant isotopic enrichment over a given period. The gradual isotopic enrichment into a target tissue can then be monitored and used as a proxy for net tracer incorporation into that tissue. Unfortunately, this approach is limited by controversial assumptions about the constancy of tracer enrichment in the blood (Bier 1997 , Rennie 1999 , Emken 2001 , Butz et al. 2009 ), especially during exercise, feeding, fasting, and disease states. A dichotomous Articles their developing offspring. At one extreme are species, including some penguins and vipers, whose reproductive strategy dictates that all nutrients used to produce offspring are derived from mothers' own existing nutrient stores (Meijer and Drent 1999, Bonnet et al. 2002) ; this strategy is referred to as capital breeding. At the other extreme are species, including almost all small migratory birds, whose reproductive strategy dictates that all nutrients allocated to developing young are acquired during the breeding period (Meijer and Drent 1999) ; this strategy is referred to as income breeding. It turns out that this simple dichotomy of life-history strategies fails to encompass most species, which exhibit some degree of endogenous and exogenous nutrient contribution to their offspring. Isotopically labeled tracers can allow us to explore these life-history issues.
Researchers have used natural enrichments of stable isotopes and radioisotope tracers to examine the proportion of exogenously derived versus endogenous nutrients that are allocated to offspring (Boggs 1997 , O'Brien et al. 2000 , Gauthier et al. 2003 , McCue 2008 . This approach enables researchers to classify animals' scheme that considers major classes of macromolecules might divide the body into lean or lipid compartments. Such an approach is useful in that it can identify the extent to which some tracer molecules (e.g., amino acids or carbohydrates) are converted into other classes of molecules (e.g., lipids); unfortunately, this method is unsuited for tracking tracer allocation among specific organs and tissues.
Schemes that consider tracer incorporation among different classes of macromolecules within several anatomical compartments (figure 8a) are robust in that they permit mass-balance modeling of tracer distribution among multiple compartments and provide information about the extent of molecular conversion of tracer molecules. Because such a multicompartment sampling scheme can be extended to virtually any subset of carbon pools (figure 8b), it is important that the number of compartments is optimized to address the specific questions at hand.
Nutrient allocation to offspring. Ecologists have long speculated about the primary sources of nutrients (e.g., endogenous versus exogenous) that mothers provide Articles a tracer to a given compartment may be an appropriate experimental endpoint; however, given the number of endogenous and exogenous factors that potentially influence the decisions underlying nutrient allocation, it can be informative to explore how allocation patterns vary among tissues.
It is worth noting that the concept of homogeneous distribution, introduced in the preceding paragraph, refers only to relative isotopic enrichment. If the size of a particular compartment is known, then instances of preferential allocation can be reported in units of relative isotope enrichment as well as total tracer allocation. The distinction between relative isotopic enrichment and total tracer allocation becomes biologically important when one considers two compartments that may have similar isotopic enrichments yet very different sizes, such as in the case of the spleen and the liver.
Methods for sampling isotope enrichment in different compartments range from noninvasive to destructive. Noninvasive sampling may involve breath testing or collection of feces, whereas semi-invasive and invasive sampling may consist of blood testing or organ biopsy, respectively. Invasive sampling is likely to affect the physiological responses under observation, and should therefore be used sparingly (Braden 2009 ). Moreover, tracer enrichment from invasively collected biopsy samples can be difficult to interpret given that many organs (e.g., kidney, brain, and liver) are compartmentalized into functional regions that may not represent each organ as a whole. Sampling of the carcass is required for accurate mass-balance modeling, but this cannot be done without sacrificing the animal. Nevertheless, employing a mass-balance approach is particularly important during non-steady-state conditions such as feeding and fasting, when organs continually change in size and composition (Conceicao et al. 2007 ).
Incorporating time into allocation models. Feeding and fasting animals are not in a steady state, and compartmental modeling offers only a snapshot of tracer allocation. Moreover, different tissues experience unique turnover rates (Voigt et al. 2003 , Sponheimer et al. 2006 , Bauchinger and McWilliams 2009 ) that will influence apparent patterns of tracer allocation at a particular time point. To appreciate the dynamic nature of tracer allocation over time, it is necessary to evaluate a time series of compartmental models. Figure  9 illustrates mass-balance models of 13 C tracer allocation among several compartments in a hypothetical postprandial animal. The major compartment labels are the same as in figure 8a . In this situation, the hypothetical animal has been fed a bolus of isotopically labeled tracer. By the first measurement, 10% of the tracer remained unassimilated and 8% was oxidized; the remaining 82% of the tracer was distributed among various compartments. By the second time point, the animal oxidized an additional 7% of the tracer, but no additional fecal losses occurred. Moreover, the isotopic reproductive strategies on the capital-income continuum. Stable isotopically labeled metabolic tracers also provide a new opportunity to investigate specific questions about how different types of nutrients may be differentially routed to offspring (O'Brien et al. 2002) , and to explore how patterns of nutrient routing to offspring may change over time during a single reproductive event.
Organ growth and regrowth. The sizes of many organs and tissues change over time in proportion to their functional demands. Among these, digestive organs exhibit some of the largest and best-studied periodic changes in mass. For example, during prolonged fasting, digestive organs, including the stomach, pancreas, small intestine, and large intestine, decrease in size (Starck 2003 , Wang et al. 2006 , Bauchinger and McWilliams 2009 , presumably as a mechanism to reduce energy expenditure. However, when food becomes available, these tissues must be quickly rebuilt to maximize nutrient uptake from the incoming food.
The use of purified isotope tracers can complement existing approaches to examine the sources of mass and energy required to rebuild atrophied organs and tissues. Identifying the source of the mass and energy used to rebuild digestive organs has been controversial over the past decade (Wang et al. 2006) . To examine this question in pythons, researchers fed snakes mice raised on a corn diet, which resulted in their being slightly enriched in 13 C (Starck et al. 2004) . They examined the isotopic enrichment of exhaled breath during the period when the digestive organs were most rapidly being rebuilt, and concluded that the energetic component of rebuilding was fueled by the oxidation of exogenous nutrients. Because all tissues in the mice were enriched in 13 C, it remains unclear whether the snakes differentially relied on particular classes of macromolecules for this energy. Moreover, because the isotopic signatures of rebuilt tissues were not examined, the contribution of exogenous nutrients in the growth in organ masses remained unexplored.
Modeling nutrient allocation throughout time and space
After identifying the various body compartments to be examined, it is often desirable to explore the degree to which a tracer is preferentially routed into or away from each compartment. One way to identify preferential tracer allocation is to compare the measured isotopic enrichment of a particular compartment with the expected isotopic enrichment if the tracer had been homogenously distributed throughout the body (see figure 4d ). For example, when the relative isotopic enrichment of a particular compartment is higher than the enrichment calculated assuming homogenous distribution, one can conclude that the tracer is preferentially allocated to that compartment (McCue et al. 2010b) . Simply identifying instances of preferential allocation of Articles been lost into the nonexchangeable compartment. By the fourth time point, the animal has lost 26%, 12%, and 1% of the initial tracer dose to oxidation, fecal and urinary wastes, and into nonexchangeable compartments, respectively.
The preceding hypothetical example underscores several general points that need to be considered by those using enrichment of some tissues (e.g., liver, carcass, and blood) decreased, but the remaining 75% of the original dose was still allocated among various compartments. By the third time point, the animal lost an additional 2% of the tracer through fecal and urinary wastes and an additional 6% was oxidized. At that time, 1% of the tracer had also apparently Articles mass-balance models of tracer allocation. First, oxidative losses of tracer are cumulative, but not necessarily constant (figure 10a). Second, some compartments (e.g., liver) may exhibit the highest levels of tracer allocation immediately after dosing, but may become lower than other compartments thereafter (figure 10b). Third, tracer losses into fecal and urinary wastes are periodic, and thus cannot be treated as continuous. Fourth, tracer enrichment in the blood compartment may not be constant or even indicative of the amount of tracer retained in the body. Finally, losses of tracer into the nonexchangeable pool (e.g., fur, feathers, claws, etc.) may be negligible shortly after dosing but should not be ignored in long-term studies of tracer allocation.
Conclusions and prospects
Purified, stable-isotope-labeled metabolic tracers are routinely used in clinical settings to diagnose conditions, including malabsorption, bacterial infection, and liver dysfunction (Bodamer and Halliday 2001, Braden 2009 ), but they are now emerging as a powerful tool for addressing questions about the natural histories of animals, namely how they assimilate, oxidize, allocate, and mobilize the nutrients on which they depend. I briefly reviewed the history of purified stable-isotope-labeled metabolic tracers, the technology used to measure isotope enrichment in samples, methods for monitoring tracer oxidation in vivo, approaches to identify and characterize differential allocation among multiple tissue compartments, and a conceptual framework for massbalance modeling of tracer allocation through time. I also discussed some current and emerging areas of research where purified, isotopically labeled metabolic tracers may provide insights into integrated animal function.
The application of purified, isotopically enriched metabolic tracers in the fields of comparative nutrition and animal physiology remains in its infancy compared with the recent theoretical and empirical progress made in the field of animal ecology (Martinez del Rio et al. 2009 ). Progress is likely to come from several directions, and there are several specific areas in addition to those I discussed that warrant further attention:
There is a need to develop standards for highly enriched isotope samples; the current international isotope standards were designed for naturally occurring levels of enrichment.
The effects of biochemical discrimination between heavy and light isotopes are generally neglected in studies of artificial isotope enrichment, and controlled studies will be useful in exploring the validity of this practice.
Since stable isotopes are a constitutive part of all organisms, tracer studies that use stable isotopes must use higher enrichments than those that use radioisotopes. Studies that examine the effect of tracer dose on oxidative and nonoxidative disposal will be needed to compare results of radioisotope studies with those that use stable isotopes (Moseley et al. 2005 ).
Breath-testing experiments provide a compound-specific approach to track isotopes; however, compound-specific analyses of solid tissue samples need to become more widely available ( Tracer studies continue to report results using different units (Slater et al. 2001) . In many cases these reporting practices preclude comparisons among studies and limit the information that can be obtained from a study.
On a positive note, there are several promising changes already taking place. For example, the number of isotopically labeled molecules is continuing to grow and their prices are decreasing. Moreover, benchtop laser absorption analyzers are now available at a fraction of the cost of conventional GC-IRMS systems; some models have precision of approximately 0.25 per mil and are capable of measuring microliter gas volumes. These devices are now permitting routine measurements of 13 CO 2 in real time (Engel et al. 2009 ).
Using nuclear magnetic resonance (NMR) spectroscopy, one can investigate how stable isotope tracers, particularly 13 C, are distributed among the hundreds of small molecules and metabolites found in a tissue sample. NMR is increasingly becoming the analytical tool of choice in the field of metabolomics because of its quantitative nature, reproducibility, ease of sample preparation, and nondestructiveness (Cano et al. 2010) . In fact, samples from animal urine, serum, or plasma can be analyzed by NMR with minimal purification steps. Individual 13 C-containing metabolites can be reliably identified from NMR spectra using free Web-based and commercial databases (Cui et al. 2008) . Moreover, the individual metabolite concentrations can be calculated by integrating NMR peaks. Principal components analyses is the preferred method for visualizing the variations in isotope distribution among large metabolomic data sets.
Artificially enriched isotope tracers provide a powerful complementary, and in some cases more targeted, approach to exploring questions about how animals assimilate, transform, allocate, and oxidize the atoms and molecules that continually ebb and flow through their bodies. There appears to be no shortage of endogenous (e.g., age, reproductive status, exercise conditioning, etc.) and exogenous (e.g., season, temperature, food limitation, etc.) factors that could potentially influence patterns of nutrient use in animals, but I remain optimistic that stable isotope tracers can be a useful tool in deciphering these physiological rules. Is it possible that the old saying in isotopic ecology, "You are what you eat" (DeNiro and Epstein 1976), may gradually be replaced with, "You are what you assimilate, minus what you oxidize and excrete?"
